The results of an experimental study to investigate the local pressure drop characteristics in a square cross-sectioned smooth channel with a sharp 180°bend rotating about an axis normal to the free-stream direction are reported here. The sharp 180°turn was obtained by dividing a rectangular passage into two channels using a divider wall with a rounded tip at the location where thē ow negotiates the turn. The study was carried out for three ratios of divider wall thickness to hydraulic diameter (W/D), namely, 0.24, 0.37 and 0.73 all with a rounded tip divider wall and only for a bend with a W/D ratio of 0.37, the in¯uence of a sharp tip divider wall was studied. Experiments were conducted for a Reynolds number varying from 10 000 to 17 000 with the rotation number xDaV varying from 0 to 0.38. The pressure drop distribution, normalized with the mainstream¯uid dynamic pressure head, is presented for the leading, trailing and the outer surfaces. The results indicate that the local pressure drop characteristics in the bend region are signi®cantly aected by a change in the rotation number but the in¯uence of the Reynolds number is weak. The friction factor is less sensitive to rotation for the bend with a W/D ratio of 0.24 when compared to bends with W/D ratios of 0.37 and 0.73. Friction factor correlations are presented which ®t the experimental data within 10% for the range of parameters studied.
Introduction
In advanced gas turbine engine designs, increased speeds, pressures and temperatures are used to increase thrust/weight ratios and to reduce the speci®c fuel consumption. Hence, the turbine blades are subjected to the loads resulting from the centripetal acceleration ®eld of the order of 10 4 g, while simultaneously exposed to thermal environments hot enough to cause the blade material to glow red [1] . High-pressure air from the compressor introduced through the hub section into the blade interior helps in cooling the blade and keeping the blade material below the metallurgically permissible temperature limits. The cooling air¯ows through a complicated serpentine passage inside the blade that comprises several channels along the blade height with the adjacent channels connected by sharp 180°bends. A typical cooling passage can, therefore, be modeled as a straight smooth square channel with a sharp 180°bend. The heat transfer rate is a strong function of coolant¯ow rate and the designer's interest lies in the accurate prediction of the coolant¯ow rate which is determined by the overall pressure drop distribution in a channel for a given supply pressure.
The¯ow ®eld and pressure drop characteristics in the sharp 180°bends encountered in gas turbine blade cooling passages can be signi®cantly dierent from those in the long radius bends. Choi et al. [2] investigated the inuence of the proximity of two 90°bends joined together to make a 180°bend on the¯ow and heat transfer distribution. They reported that for W/D below 4, the two 90°bends interact with each other making W/D an important parameter in de®ning the sharpness of 180°b ends. Metzger et al. [3] studied the eects of channel geometry such as the before-turn and after-turn channel aspect ratio, the turn clearance and¯ow Reynolds number on the pressure drop distribution. They concluded that both the channel aspect ratio and turn clearance have an important in¯uence on the pressure drop characteristics of two pass smooth rectangular channels. Han and Zhang [4] investigated the combined eects of¯ow channel aspect ratio and the sharp 180°bend (W aD 0X25) on the distribution of the local pressure drop in a stationary three pass channel for both smooth and rib-roughened channels. They concluded that the pressure drop is caused primarily by the sharp 180°turns.
Ito and Nanbu [5] studied the in¯uence of rotation on the friction factor behavior for¯ow through a straight circular pipe. They reported a marked increase in the friction factor in the presence of rotation for a laminar ow in a straight coolant channel whereas for a turbulent ow only a marginal increase was observed. Moore [6] studied the friction factor variations in straight rectangular channels with various aspect ratios. The results indicated that the friction factor changes due to rotation were small at all aspect ratios, the change being largest for the square channel. However, this study was restricted to very low rotation numbers (less than 0.08). The in¯uence of W/D ratio and rotation on the local and overall pressure drop distribution in smooth square channels with sharp 180°bends are considered in the present study.
Experimental setup
A schematic diagram of the experimental setup is shown in Fig. 1 . The leading and trailing surfaces with respect to the divider wall for the test section have been shown here. The other surface closing the test section is labeled as the outer surface. Water is used as the workinḡ uid and a large rectangular tank of about 2000 l capacity serves as a storage reservoir. The tank is placed nearly 2 m above the ground level and water is continuously supplied to the tank by a pump from the main supply line. An over¯ow line at the top of the tank ensures a constant level and therefore a constant¯ow rate to the test section. A siphon line from the tank supplies water to the test section through a gate valve, rotameter and rotor seal. The gate valve upstream of the rotameter is used to set the experimental Reynolds number. An accurately calibrated ori®cemeter in the line is used for owmetering and there is also a rotameter in the line as an additional check. The rotor seal enables the transfer of water from stationary piping to the rotating test section. A galvanized iron pipe screwed on to the top of the rotor seal has a pulley ®t on it by friction which is rotated by a one HP DC motor through a belt drive and supplies water to the test section through a suciently long pipe in order to ensure fully developed¯ow.
The test section is manufactured from a 0.011 m thick perspex sheet cut, machined and chemically bonded to form a channel of 0.03 m square cross-section and 1.2 m length. Three dierent divider walls each of thickness (W) 0.0072, 0.011 and 0.022 m are used. The turn clearance is kept equal to the channel width. 45 pressure taps along the smooth surface are used for static pressure drop measurements as shown in Fig. 2 . The tap locations shown in Fig. 2 correspond to the test section with W aD 0X24. Test sections with W aD 0X37 and 0.73, however, have 39 taps each. The pressure drop in the rotating test section is measured by a stationary U-tube dierential manometer with carbontetrachloride as the manometric¯uid. The pressure transfer between the taps on the rotating test section and the stationary manometer was achieved through a specially fabricated pressure transfer device using two commercially available rotor seals. The body force term due to the centrifugal force eects acts both on the¯uid within the test section and the manometric limb which is taken from the location of measurement to the axis of rotation. Hence, the eect of the variation of static pressure due to centrifugal force eects is not observed in the experiments. The pressure transfer device was checked for¯uid intercommunication between two rotor seals using water at pressures far exceeding those encountered in the present study. Interchanging the connections to the manometer for pressure measurement in the presence of rotation showed no change, indicating no bias between the channels of the pressure transfer mechanism. The data obtained without rotation in the presence and absence of the device matched accurately and in the presence of rotation, pressure taps at nearly identical physical locations showed nearly identical readings indicating proper working of the device.
Data reduction
The local pressure drop is non-dimensionalized by normalizing with the mainstream¯uid dynamic pressure head as
The overall mean pressure drop is the calculated dierence between the arithmetic average values of pressure drop on all the four surfaces (trailing surface, leading surface and twice the outer surface) at the channel entrance and the channel exit of the test section. The pressure drop obtained by interconnecting the three taps at the inlet and exit locations was found to be identical to this value. This overall pressure drop is used to calculate the average friction factor given by
The length L is equal to 25 hydraulic diameters which includes the bend and equal portions of the straight channel upstream and downstream of the bend. The maximum uncertainty in the average friction factor is less than 8% by the uncertainty estimation method of Kline and McClintock [7] . The average friction factor is normalized by the friction factor for fully developed turbulent¯ow in smooth circular tubes for both rotation and no-rotation cases.
Results and discussions

Local pressure drop distribution in a stationary channel
Figs. 3 and 4 show the local pressure drop distribution of the leading surface and outer surface of stationary channels for bends with W/D ratios of 0.24, 0.37 and 0.73, all with a rounded tip divider wall for a Reynolds number of 10 000. The pressure drop distribution on the trailing surface is identical as compared with that of the leading surface. Hence, for the sake of clarity, only the leading surface pressure drop distribution is shown in Fig. 3 . It can be observed from Figs. 3 and 4 that the trends of pressure drop distribution are similar for all W/D ratios. The¯ow is characterized by several¯ow features, i.e., separated¯ow region in the upstream corner of the bend (Y aD 15X2±16X7), acceleration and convergence of the upstream surface¯ow toward the divider wall tip and establishment of a radially inward wall surface¯ow within and downstream of the turn (Y aD 16X7±19X5) and ®nally the recovery of the¯ow back towards the fully developed condition (Y aD 19X5±20X5). This pattern of the pressure drop distribution is identical for all Reynolds numbers for a given W/D ratio. The overall pressure drop progressively decreases from the smallest to the largest W/D ratio, though this decrease is not linear. The distinct separation zone that is visible gradually reduces in extent as the W/D ratio increases. However, even for the largest W/D ratio of 0.73, a signi®cant pressure drop occurs in the region close to the bend indicating a strong coupling between the two 90°bends. Fig. 5 shows the comparison of the present data with that obtained by Han and Zhang [4] for a stationary bend with a W/D ratio of 0.24 and the present data is seen to compare well. Fig. 5 , also, shows the local pressure drop distribution of the leading surface for a bend with a W/D ratio of 0.37 with a sharp tip divider wall. The pressure drop distribution is identical to that of the rounded divider wall till Y aD 16X7. In the region Y aD 16X7±17X3, there is a large pressure drop suggesting a region of separated¯ow at the tip of the sharp tip divider wall itself whereas, in case of rounded tip divider wall, the¯o w is guided by the shaped divider wall. The pressure drop distribution in the downstream region is similar to that of the bend with a rounded divider wall. The overall pressure drop is found to be higher in case of a bend with a sharp tip divider wall than that of the bend with a rounded tip divider wall, as expected, for a given Reynolds number.
Local pressure drop distribution in a rotating channel
The Fig. 7 . The corresponding outer surface pressure drop distributions are shown in Fig. 8 . The trends of the local pressure drop distribution for all rotation numbers are noticed to be similar. The pressure on the trailing surface is greater than that of the leading surface in the radial outward¯ow passage. However, the pressure and suction surfaces become interchanged in the radial inward¯ow passage due to the change in the direction of the Coriolis force.
Figs. 6±8 are discussed together since the information indicated by them is complementary. There is no signi®cant change in the pressure drop in the upstream zone of the bend till Y aD 15X2 for both the leading and trailing surfaces when compared to the stationary case. The dierence in pressure between the leading and trailing surfaces would now be expected to reduce due to the turning of the¯ow and therefore a reduction in the Coriolis force component due to the velocity vector gradually becoming parallel to the angular velocity vector. However, between Y aD 16X2 and 17.3, the dierence in the pressure between the leading and trailing surfaces grows to levels nearly equal or higher than those observed in the radial outward¯ow passage. This suggests an acceleration of the¯ow in the zone within the bend and is possibly due to the shifting of the separation zone into the bend region. The steep drop in the pressure in the outer surface distribution from Y aD 17X3±18X3 shown in Fig. 8 with no subsequent recovery is also indicative of such behavior. The presence of the separation zone within the bend around the divider tip, and therefore the inability of the¯ow to turn at the geometric location of the divider tip, is also indicated by the steep rise in pressure at Y aD 17X7 itself, in Fig. 8 as opposed to the further downstream location for the no-rotation case. The pressure loss, therefore, occurs within the mid-bend zone also in contrast to the stationary case, where it is concentrated only in the last portion of the bend and the region immediately downstream of the bend. In the region from Y aD 17X3±18X5, the behavior of the pressure drop on the trailing and leading surfaces is dierent. The leading and trailing surfaces change from being the low-pressure and highpressure surfaces, respectively, to being the high-and low-pressure surfaces, respectively, at progressively smaller distances within the bend region with the increase in the rotation number. The dierence in the pressure between the trailing and leading surfaces in this region is lower at low rotation numbers and higher at high rotation numbers. This is expected since at low rotation numbers, the¯ow distribution is similar to the no-rotation case where the¯ow moves towards the top (Y aD 20 in Fig. 2 ) and before it starts turning. The progressive increase in the dierence in the pressure between the pressure and suction surfaces with an increase in the rotation number also indicates that the turning of¯ow is sharper with increasing rotation numbers. This also therefore indicates that the typical separation zone present downstream of the bend for the stationary case would become progressively smaller. The same¯ow behavior can also be inferred from the outer surface pressure distribution in Fig. 8 , where the pressure drop between Y aD 19 and 20 progressively increases with the increase in the rotation number and also there is a progressive reduction of pressure drop in the region Y aD 20±20X5. The¯ow recovers from the presence of the bend very rapidly in the presence of rotation.
The local pressure drop distribution for the bends with W aD 0X37 and 0.73 are not presented here in detail. However, the pressure drop distribution for bends with a rounded tip divider wall for a Reynolds number of 10 000 and a rotation number of 0.38 are presented in Fig. 9 and some of the¯ow behavior features discussed above can be noticed here. Fig. 10 illustrates the average friction factor ratio variation for bends with dierent divider wall ratio, i.e., W aD 0X24, 0.37 and 0.73 all with rounded tip divider wall. Han and Zhang [4] use LaD 25 for computing average friction factor for stationary bends with equal lengths of straight portion before and after the bend and they indicate that this value is typical of a gas turbine blade coolant passage. It is noticed that for both the rotation and the no-rotation case, the in¯uence of the bend is minimal beyond LaD 25 and this value is used here also for average friction factor computations. The friction factor is therefore calculated for an LaD 25 including the bend and equal portions of the straight channel upstream and downstream of the bend. The average friction factor ratio for the present investigation and that of Han and Zhang [4] compare well as shown in Fig. 10 with the current data about 7% smaller. The average friction factor ratio decreases as W/D ratio increases due to the reduction in the separation zone with an increase in the W/D ratio and therefore reduced ir- recoverable pressure losses for a stationary channel. In the absence of rotation, the average friction factor ratio for the bend with a W/D ratio of 0.24 is greater by 36% and 75% as compared with those bends with W/D ratios of 0.37 and 0.73, respectively.
Average friction factor ratio
The average friction factor ratio is less compared to that of the stationary conditions for low rotation numbers for a bend with a W/D ratio of 0.37. As the rotation number increases, the average friction factor ratio increases and at highest rotation number of 0.38, the average friction factor ratio is greater than the stationary value. The average friction factor ratio decreases to a certain value and remains constant with an increase in the rotation number for the bend with a W/D ratio of 0.24. The average friction factor ratio continuously increases for a bend with a W/D ratio of 0.73. With the sharpest bend (W aD 0X24), the movement of the separation zone within the bend causes the¯ow to pass through more smoothly and reducing the average friction factor ratio. However, for a lesser sharp bend (W aD 0X73), the increased length available within the bend zone for the separation region resulting in the¯ow acceleration possibly accounts for an increase in the average friction factor ratio.
The average friction factor ratios are used to develop the friction factor ratio correlations to account for divider wall thickness and rotation number. The in¯uence of the Reynolds number on the friction factor ratio is weak.
The friction factor correlations in a stationary smooth square channel with a sharp 180°bend is given by
The friction factor relationships in a rotating smooth square channel with a sharp 180°bend for dierent W/D ratios are given by:
The deviation of Eqs. (3)±(6) from the test data is about 10%. Fig. 11 shows a comparison of the overall friction factor ratio variation with the rotation number for a sharp and rounded tip divider wall. It can be observed that the dierence in the friction factor ratio between the sharp tip divider wall and rounded tip divider wall decreases with the increase in the rotation number. At the highest rotation number of 0.38, the friction factor ratios are identical both for the sharp tip divider wall and the rounded tip divider wall. The movement of the separation zone into the bend inferred from the local pressure drop distribution eectively smoothens the corners of the sharp bend thereby providing a smoother passage for thē ow and therefore a smaller pressure drop.
Conclusions
The eect of orthogonal rotation on the local pressure drop distribution in a two pass square channel with a sharp 180°bend for three W/D ratios has been presented. In a stationary channel, though the normalized pressure drop distribution has similar patterns for bends with dierent W/D ratios, the overall pressure drop is higher in case of a bend with a W/D ratio of 0.24 over bends with 0.37 and 0.73 by 36% and 75%, respectively. For a given Reynolds number, the normalized pressure drop distribution has similar trends for dierent rotation numbers under conditions of rotation. The pressure drop distribution has similar patterns for dierent W/D ratios in the rotating channels also. The local pressure distribution within the bend region is signi®cantly affected by the presence of rotation. The bend region also contributes to the overall pressure drop in the presence of rotation.
Under stationary conditions, for a given bend with a W/D ratio of 0.37, the average friction factor ratio of a sharp tip divider wall is found to be higher than that of the rounded tip divider wall. The average friction factor ratio increases with an increase in the sharpness of the bend for a rounded tip divider wall. Under conditions of rotation, the average friction factor ratio for the bend with a W/D ratio of 0.37 reduces initially and then slowly increases with the increase in the rotation number. For the bend with a W/D ratio of 0.24, the average friction factor ratio decreases initially and more or less remains constant with increasing rotation number. However, for a bend with W/D ratio of 0.73, the average friction factor ratio monotonically increases with an increase in the rotation number. The empirical correlations for the friction factors obtained for the smooth square channel with a sharp 180°bend are valid for W aD 0X24,0.37 and 0.73, 10 000 6 Re P 17 000, and 0 6 Ro P 0X38.
Application/signi®cance
The experimental results obtained in this study are likely to be useful to the designer of gas turbine blade internal coolant passages. The overall friction factor behavior presented would result in the more accurate prediction of the coolant¯ow rate which is an essential prerequisite for the estimation of the heat transfer rate. The large dierences in the pressure between the suction and pressure surfaces in the bend zone for large rotation numbers and the rapid interchanging of these surfaces within very short physical distances could be indicative of large heat transfer coecients and gradients in this region. These locations could lead to zones experiencing high temperature variations in cooled airfoil passages leading to undesirable thermal stresses. The detailed pressure distributions are also of fundamental interest since they reveal several important¯ow characteristics, like the zones where separated¯ow regions and locally accelerating¯ows are likely to occur.
Recommendations and future work
The conclusions made in this study regarding the identi®cation of the regions where steep heat transfer coecient variations exist are qualitative and indicate the need for detailed local heat transfer measurements in channels with sharp 180°bends at high rotation numbers. Advanced gas turbine coolant passages are often cast with rib turbulators in order to enhance convective heat transfer. Similar data for rib-roughened channels with sharp 180°bends would also be useful. The pressure distribution in a three pass channel with two successive sharp 180°bends, which is often encountered in turbine blade internal coolant passages, can be extrapolated from those in the current study since the in¯uence of the bend zone is very small. 
